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SUMMARY 

Surface pressure distributions have been measured for 
the 13% thick GA(W)-2 airfoil section fitted with 20% aileron, 
25% slotted flap and 30% Fowler flap. All tests were con- 
ducted at a Reynolds number of 2.2 x lo6 and a Mach number 
of 0.13. Pressure distribution and force and moment coeffi- 
cient measurements are compared with theoretical results for 
a number of cases. Agreement between theory and experiment 
is generally good for low angles of attack and small flap 
deflections. For high angles and large flap deflections 
where regions of separation are present, the theory is in- 
adequate. Theoretical drag predictions are poor for all 
flap-extended cases. 



INTRODUCTION 

This report documents experimental surface pressure dis- 
tributions for the GA(W)-2 airfoil section fitted with 20% 
aileron, 25% slotted flap, and 30% Fowler flap. Pressure dis- 
tributions and aerodynamic characteristics of the basic GA(W)-2 
airfoil section have been reported earlier (ref. 1). Wind 
tunnel force measurements of the airfoil with high-lift and 
control devices including optimizations of flap settings have 
been conducted at WSU, and the results of that research have 
been reported in ref. 2. 

Theoretical computer calculations of pressure distribu- 
tions using the methods of refs. 3 and 4 are presented for a 
number of cases. The purpose of the present research is to 
determine actual pressure distributions for the new airfoil 
with high-lift and control devices, and to compare both ex- 
perimental pressure distributions and overall aerodynamic 
force and moment results with theoretical predictions. 

SYMBOLS 

Dimensional quantities are given in both International 
(SI) Units and U.S. Customary Units. Measurements were made 
in U.S. Customary Units. Conversion factors between the vari- 
ous units may be found in ref. 5. The symbols used in the 
present report are defined as follows: 

C Airfoil reference chord (flap nested) 

cd Coefficient of drag, section drag/(c x dynamic 
pressure) 

CL? Coefficient of lift, section lift/(c x dynamic 
pressure) 

cm Pitchin 
9 

moment coefficient, section moment about 
. 25c/(c x dynamic pressure) 

cma Airfoil forward section moment coefficient, moment 
about leading edge/(c2 x dynamic pressure) 



Cmf Flap moment coefficient, moment about leading edge/ 

(c2 x dynamic pressure) 
cna Airfoil forward section normal force coefficient, 

normal force/ (C x dyn-amic pressure) 

Cnai Aileron normal force coefficient, normal force/ 
(c x dynamic pressure) 

Cnf Flap normal force coefficient, normal force/ 
(c x dynamic pressure) 

cP 
Coefficient of pressure, (p - pa)/dynamic pressure 

%! Flap cove length 

P Pressure 

X Coordinate along airfoil chord 

Z Coordinate normal to airfoil chord 

a Angle of attack, degrees 

6 Xotation of control surface from nested position, 
degrees. (Trailing edge down is positive.) 

Subscripts 

a Airfoil forward element 

ai Aileron 

f Flap 

P Pivot point for flap 

co Free-stream conditions 

APPARATUS AND TEST METHODS 

Model Description 

The GA(W)-2 airfoil section is a 13% maximum thickness air- 
foil section derived from the 17% GA(W)-1 section (ref. 6). For 
tests in the WSU two-dimensional facility, models are sized with 
91.4 cm (36 inch) span and 61.0 cm (24 inch) chord. All models 
were equipped with 1.07 mm (0.042 inch) diameter pressure taps. 
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Model geometric details and flap pivot locations are given 
in figure 1. 

Instrumentation 

Pressure measurements were made using as many as 96 pressure 
channels multiplexed into 4 pressure transducers through a series 
of pressure switches. The unbonded-strain gage type transducers 
are connected to precision digital strain indicators for conver- 
sion from anal.og to digital data. The digital data are recorded 

on punch cards for off-line processing through the WSU Digital 
Computing Center. System resolution is +2.4 newtons/meter2 (0.05 

psf) which corresponds to +0.2% of dynamic pressure for the pre- 

sent tests. Figure 2 shows a pressure measurement schematic. 

Test Procedure 

All tests were conducted at a Reynolds number of 2.2 x 10 6 

and Mach number of 0.13. Transition strips consisting of 2.5 mm 
(.lO inch) wide strips of #80 Carborundum grit were applied to 
the upper surface at 5% chord and to the lower surface at 10% 
chord. All pressure data have been converted to coefficient form. 
Tunnel dynamic pressure has been corrected for solid and wake 
blockage, and model angle of attack has been corrected for induced 
effects, using the linear correction methods of ref. 7. Surface 
pressure measurements were integrated numerically to calculate 
component normal force coefficients, and moment coefficients 
about the component leading edge or hingeline. 

Wind Tunnel 

The WSU Walter Beech Wind Tunnel is a closed return tunnel 
with atmospheric test section static pressure. With two-dimen- 
sional inserts installed the test section is 0.91 m x 2.13 m (3 ft 
x 7 ft). Complete description of the insert and calibration 
details are given in ref. 8. 
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THEORETICAL METHODS 

For selected cases, studies have been conducted to deter- 
mine theoretical pressure distributions and overall force 
coefficients for comparison with the experimental measurements. 
These theoretical studies were conducted utilizing sophisti- 
cated computing routines which include boundary layer effects. 
For the flap-nested configuration, the computations utilized 
the programs of refs. 3 and 4. The principal difference be- 
tween these programs is that ref. 4 includes a drag computa- 
tion by the Squire-Young method (see ref. 91, but is restricted 
to single-element analysis. The flap-extended configurations 
were analyzed by the program of ref. 3, which is capable of 
analyzing multi-element configurations, but does not utilize 
the Squire-Young drag computation. 

As discussed in ref.10, for improved simulation of pressures 
near the airfoil trailing edge of flap-extended configurations, 
the lower surface flow was assumed to separate at the entrance to 
the flap cove and reattach ahead of the slot lip. This technique 
for modeling involves using an effective cove shape derived by 
assuming a straight line from cove entrance to the 75% cove loca- 
tion, as shown in the sketch which follows: 

Assumed Effective Shape 

Sketch A - Flap Cove Theoretical Modeling 
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EXPERIMENTAL AND THEORETICAL RESULTS 

Flap Nested 

For the flap-nested configuration, data from the present 
tests are compared with NASA data from ref. 1 and theoretical 
results in figure 3. The two sets of experimental data show 
good agreement at all angles up to 14O. At 18", the NASA data 
show more scatter than the WSU data, indicating a somewhat 
less stable separation. Agreement between experiment and 
theory is good for cases with little or no separation (CI c 14O). 
For cases with separation ahead of .9 x/c, the theory is sub- 
stantially in error. 

20% Aileron 

Pressure distributions with 20% aileron with 0.5% gap are 
shown in figure 4 for aileron deflections from -60" to +60" and a 
nominal angle of attack range of -8O to 16". These data show 
trends very similar to the pressure distribution results reported 
earlier (ref. 10) for an aileron applied to the GA(W)-1 airfoil 
section. For large aileron deflections (&a 2 20°) separated flow 
on the suction side of the aileron is indicated, as evidenced 
by a region of constant pressure. Because separation is ordi- 
narily present for moderate and high aileron deflection, no 
theoretical studies were conducted with aileron. 

25% Slotted Flap 

Experimental force characteristics for optimum flap settings 
as reported in ref. 2 are shown in figure 5, along with theoret- 
ical force characteristics for selected cases. The experimental 

cI1 vs- a. curve for 35" flap shows an increase in slope just prior 
to stalling, an indication of flow improvement just prior to mas- 
sive separation. During optimization force studies with 35' and 
40" flap deflections, many non-linearities in force characteristics 
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were observed. This non-linear behavior is interpreted as evi- 

dence of separation over some portion of the airfoil or flap 
at virtually every angle of attack for these flap deflections. 
It is seen that the improvement in cQ values between 30" and 

35" flap is quite small, and the performance with 40" flap is 
essentially the same as 35" flap. 

For the flap-nested case, the methods of refs. 3 and 4 are 
compared in figure 5. These data show that the Squire-Young 
drag computation routine of ref. 4 provides considerable im- 
provement in drag prediction. 

For angles of attack less than 10" and flap deflections 
less than 30", theoretical lift and pitching moment agree rea- 
sonably well with experiment. For higher angles of attack and 
flap deflections the agreement becomes progressively poorer. 
These trends are attributed to inadequate theoretical modeling 
for situations with nearly-separated or partially-separated 
boundary layers. The theoretical drag predictions are poor 
for all flap-extended cases. The theory is very inconsistent, 
even predicting a reduction in drag as flap deflection is in- 
creased in some instances. 

Theoretical pressure distributions are presented in figures 
6 through 9. The results of these theoretical studies compare 
quite favorably with experiment for angles of attack below 
stall, and lower flap deflections. For higher angles of attack 
or flap deflection angles, the agreement becomes progressively 
poorer. 

Detailed experimental pressure distributions for this con- 
figuration for optimum flap settings are presented in figure 10. 
For flap deflections up to 20", the pressure data indicate attached 
flow for angles of attack up to 12'. For 30" flap deflection, 
flow separation on the flap is indicated at 16.2" angle of at- 
tack, and a large step in pressure is indicated on the airfoil 
upper surface. This condition is beyond cIlmax as indicated by 
the force data of figure 5. The apparent jump in pressure at 
about 20% chord is attributed to an unsteady flow situation with 
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intermittent separation, and is believed to be associated 
with the slow-scan method of pressure recording utilized for 
these tests. 

For 35O flap, the flap flow tends to separate at the trail- 
ing edge at the lower angles of attack. At higher angles, the 
flap flow improves. 

The situation with 40° flap is very similar to 35" flap. 
In this case, the flap is evidently fully attached only at 
12.2O, and re-separates at 14.4". These observations for 35' 
and 40" flap correlate very well with trends observed in the 
force measurements. 

30% Fowler Flap 

Results of optimum force tests for this flap from ref. 2 
are shown in figure 11, along with theoretical results for 
selected cases. As with 25% flap, the theory significantly 
over-predicts lift at high angles of attack and high flap de- 
flections. 

Close comparison of the flap-nested data from the 25% and 
30% flap models (figures 5 and 11) shows that the 30% flap 
model provides slightly more lift at low angles than the 25% 
flap model, even though cQmax and stalling- angle are unchanged. 
The 30% flap model had a clean, continuous upper surface while 
the 25% model had a slight step at the spoiler trailing edge, 
and four spoiler hinges which created small .protuberances at 
four span-wise stations. The differences in aerodynamic data 
are attributed to these geometric variations. 

Experimental pressure distributions are compared with 
theory in figures 12 through 15. Again, the principal dispari- 
ties occur at high angles and large flap deflections. 

Detailed experimental pressure distributions for various 
flap settings are shown in figure 16. For flap deflections up 
to 30", the distributions indicate attached flow on both air- 
foil and flap for all but the highest angles of attack. For 
35" and 40° flap deflections the distributions indicate separation 

7 



on the flap at most angles of attack. At the post-stall 
(u=12.3') condition, separation is indicated over the aft 

half of the flap, and the airfoil forward section pressure 
shows a jump indicating an unstable pressure distribution as 
discussed with the 25% flap. 

CONCLUSIONS 

1. Pressure distributions for the GA(W)-2 airfoil with 
20% aileron show trends similar to the GA(W)-1 airfoil with 
aileron. 

2. Lift and pitching moment predictions from theory agree 
reasonably well with experimental measurements for cx less than 
loo and flap deflections less than 35'. For cases with nearly 
separated or partially separated boundary layers, present 
theories are inadequate. 

3. Drag prediction using the Squire-Young formulation is 
adequate for single-element airfoils without separation. The 
multi-element drag computation is poor for all cases. 

4. Pressure distributions for the GA(W)-2 airfoil with 
25% and 30% flaps show good agreement with theory at low angles 
and small flap deflections, but poor agreement for high angle 
or large flap deflection cases which involve flow separation. 
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(a) Basic GA(W)-2 Airfoil. 

Figure 1 - Geometry. 
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5 = 0.0263~ 

r2 = 0.0313c 

(b) 20% Aileron. 

Figure 1 - Continued. 
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(c) 25% Slotted Flap. 
Figure 1 - Continued. 

12 



Pivot(0.775c,O.Oc) 

Skirt 

x/c z/c 
. 675 -.0231 

:685 680 -.0215 -.0204 

:700 690 -.0158 -.0105 
. 705 . 0030 

Flap Upper Surface 

x/c z/c 

:705 700 -. 0069 0030 
:720 710 .0119 :0075 

. 740 .0171 

:775 760 -0194 .0190 

:825 800 . .0184 0172 
-850 0156 
. 875 :0137 
:925 900 -0086 .0114 

. 950 0051 
1:ooo 975 -.0044 :0014 

Nose Radius = 0.0117~ 

Nose Radius Location (x/c,z/c) = (0.7119c,-0.0071c) 

Note: Remainder of Flap contour matches basic airfoil. 

(d) 30% Fowler Flap. 
Figure 1 - Continued. 
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Figure 2 - Pressure Measurement System Schematic. 
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Figure 3 - Comparisons of Pressure Measurements with Theory 
and NASA experiments. 
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(b) a=8' 

x/c 
Figure 3 - Continued. 
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Figure 3 - Continued. 
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Figure 3 - Continued. 18 
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Figure 3 - Concluded. 
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Figure 4 - Continued. 
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(c) AILERON DEFLECTION = 10.0 DEGREES 
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(e) AILERON DEFLECTION = 40.0 DEGREES 
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Figure 4 - Continued. 
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Figure 4 - Continued. 
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(h). AILERON DEFLECTION = -10.0 DEGREES 
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Figure 4 - Continued. 
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(j) AILERON DEFLECTION = -40.0 DEGREES 
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(k) AILERON DEFLECTION = -60.0 DEGREES 
MACH NO. = 0.13 

REYNOLDS NO. = 2.2 E 06 

C n C 

SybrBa-m a n ai 

+ -7.8" -1.18 -.23 
x O.1° -1.13 -.24 
D 8.2" -.40 -.23 
w 12.3O -.Ol -.22 
. 16.3=' .41 -.18 

Figure 4 - Concluded. 
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'Notes: 
(1) Shaded symbols denote theoretical 

values using the method of Ref. 3. 
(2) Flagged symbols from method of Ref. 
(3) See pressure distributions for 

computer predicted separation. 
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sretical and Experimental Force Characteris 
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Notes: (1) Shaded symbols denote theoretical 
values using the method of Ref. 3. 

(2) Flagged symbols from method of Ref. 4. 
(3) See pressure distributions for 

Symbol 6, x- (%I z,(%) computer predicted separation. 
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(b) Drag. 
Figure 5 - Continued. 



Notes: (1) 
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Shaded symbols denote theoretical 
values using the method of Ref. 3. 
Flagged symbols from method of Ref. 4. 
See pressure digtributions for 
computer predicted separation. 
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Figure 6 - Pressure Distributions with 

25% Slotted Flap, 10" Flap Deflection. 
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Figure 6 - Continued. 
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(c) a = 16.4' 

-1 Note: (1) Theory predicts separation at 
x/c = . 87 (upper surface). 

(2) No confluent boundary layer 
error encountered. 

-1 

--- Theory(Ref. 3) 

x/c 
Figure 6 - Concluded. 
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Figure 7 - Pressure Distributions with 

25% Slotted Flap, 20" Flap Deflection. 
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Figure 7 - Continued. 
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(1) Theory predicts no separatio 
(2) No confluent boundary layer 

error encountered. 

x/c 
Figure 7 - Concluded. 
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--- Theory(Ref. 3) 

(1) Theory predicts no separation. 

(2) No confluent boundary layer 
error encountered. 
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Figure 8 - Pressure Distributions with 

25% Slotted Flap, 30° Flap Deflection. 
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Note : (1) Theory predicts no separation. 

(2) No confluent boundary layer 
error encountered. 

” Lo.jyCL 1111C;1‘L 
--- Theory(Ref. 
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x/c 
Figure 8 - Continued. 
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Figure 8 - Concluded. 
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(2) Confluent boundary layer 
error encountered. 
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Figure 9 - Pressure Distributions with 

25% Slotted Flap, 40" Flap Deflection. 
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--- Theory(Ref. 
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Figure 9 - Continued. 
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Figure lo- Experimental Pressure Distributions with 25% Slotted Flap. 
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(b) FLAP DEFLECTION = 0.0 DEGREES, HIGH cl's 
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(c) FLAP DEFLECTION = 10.0 DEGREES , LOW a's 
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Figure lo- Continued. 
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(f) FLAP DEFLECTION = 20.0 DEGREES, HIGH cl's 
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(h) FLAP DEFLECTION = 30.0 DEGREES, HIGH cl's 
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(i) F'LAP DEFLECTION = 35.0 DEGREES, LOW U'S 
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(j) FLAP DEFLECTION = 35.0 DEGREES, HIGH a's 
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(k) FLAP DEFLECTION = 40.0 DEGREES, LOW a'S 
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(1) FLAP DEFLECTION = 40.0 DEGREES, HIGH a's 
MACH NO. = 0.13 
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a loo 23.0 7.50 

II, 2o" 25.0 
3o" 30.0 

theoretical values 

(2) See pressure 
distributions 

separation. 

Figure11 - Theoretical and Experimental Force Characteristics. 
with 30% Fowler Flap. 
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0 0 
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n 10" 23.0 7.50 
cl 2o" 25.0 7.50 
0 3o" 30.0 6.75 
0 35O 30.0 6.75 
n 40" 30.0 6.00 
0 5o" 27.0 8.00 
0 60° 28.0 8.75 

(1) Shaded symbols denote theoretical 
values using the method of Ref. 3. 

(2) See pressure distributions for 
computer predicted separation. 



x/c Figure 12 - Preskre Distributions with 
30% Fowler Flap, 

1O.O Flap Deflection. 
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Figure 12- Continued. 
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Figure 12- Continued. 
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(d) cx = 16.1" 

Note:' (1) Theory predicts separation at 
x/c = . 92 (upper surface). 

(2) No confluent boundary layer 
error encountered. 

x/c 
Figure 12- Concluded . 
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(1) Theory predicts no separation. 

(2) No confluent boundary layer 

-_- Theor '- - -' y (Ker . 31 

or encountered. 

x/c 
Fig'ure 13 - Pressure Distributions with 

30% Fowler Flap, 20' Flap Deflection. 
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Figure lx- Continued. 
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Figure 13- Continued. 
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Note: 

(d) IT = 16.1° 

(1) Theory predicts separation at 
x/c = .95 (upper surface). 

(2) NO confluent boundary layer 
error encountered. 

x/c 
Figure 13 - Concluded. 
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Figure 14 - Pressure Distributions with 

30% Fowler Flap, 30° Flap Deflection. 
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Figure 14- Continued. 
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-10 C p = -26.0 (d) a = 16.0° -n-in 

Note: (1) Theory predicts sepdration at 
x/c = . 94 (upper surface). 

(2) No confluent boundary layer 
error encountered. 

--- Theory(Ref. 3) 
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Figure 14 - Concluded. 
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Figure 15- pressure Distributions with 

30% Fowler Flap, 40' Flap Deflection. 
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Figure 15- Continued. 
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Figure 15- Concluded. 
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Figure 16 - Experimental Pressure Distributions with 30% Fowler Flap. 
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(b) FLAP DEFLECTION = 10.0 DEGREES 

-8.00 

-7-00 

-6.00 

-5-00 

5 
-4-m 

-3-m 

-2-00 

-1-00 

O-00 

l-00 

MACH NO. = 0.13 
REYNOLDS NO. = 2.2 E 06 

C C n a m 
!aMBoL ALPHA a 

+ O.1° 1.17 -.52 
. 4.2' 1.74 -.68 
b 8.3' 2.28 -.82 
t 12.3" 2.71 -.93 

16.1" 1.81 -.i3 

C 
nf 

C 
mf . 

22 
:25 

-.34 
-.37 

28 
131 

-.41 
-.44 

-42 -.66 

Figure 16 - Continued. 
78 

I I. 



(C) FLAP DEFLECTION = 20 .O DEGREES 
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FLAP DEFLECTION = 30.0 DEGREES 
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